Avalanche photodiodes biased above the breakdown voltage are an interesting alternative to photomultiplier tubes in time-correlated single-photon counting. The characteristics and performance of a commercially available device (RCA C3092lS) have been investigated. The time resolution is found to improve as the excess bias above the breakdown voltage is increased. Full width at half-maximum values down to 4(X) ps havebeen measured with the detector cooled at -4O 'C, and down to 460 ps at room temperature. The best results were obtained with an active quenching circuit, suitable for operation with excess bias voltage up to 4O V; at room temperature, fast gated operation was used for attaining optimum performance. Experimental data on the statistical behavior ofthe avalanche current pulses in these devices are reported and discussed.
INTRODUCTION
Nowadays, the time-correlated single-photon counting techniquer is widely employed for measuring with high accuracy and sensitivity the waveforms of fast optical signals in the nanosecond and picosecond range. It has gained wide acceptance for experiments in physics, chemistry, biology, material engineering, etc.; a wealth ofliterature is available reporting fluorescent decay studies, laser ranging experiments, and optical fiber tests by means of optical time domain reflectometry, etc. The presently available photodetectors that have single-photon sensitivity are either vacuum tube devices with high internal amplification (greater than ld), namely, photomultiplier tubes (PMT), or semiconductor devices operating in the triggered avalanche mode, namely, avalanche photodiodes (APD) biased above the breakdown voltage. 2'3-5 A parameter of primary interest in these measurements is the time resolution, currently defined as the full width at half-maximum (FWHM) of the curve obtained in tests with ultrafast light pulses. Ordinary fast PMT types, having discrete dynode multiplier with electrostatic focusing, give FWHM values in the range from 600-to 120-ps FWHM.6-8 A special PMT type with focusing by static crossed electric and magnetic fields has given a 47-ps FWHM.8 In recent years, reliable ultrafast PMTs with microchannel-plate (MCP) multipliers have been commercially available and FWHM values down to about 40 ps have been reported for them.8 As concerns avalanche photodiodes, special devices can be designed for operating in the triggered avalanche firods,2-s'e-ta in which standard avalanche current pulses are generated by the absorption ofradiation quanta, with a behavior similar to that of Geiger-Muller counters. Such devices have been called SPADs (single photon avalanche diodes) or TADs (triggered avalanche diodes). We have verified resolution values better than 40 ps for SPAD devices that we designed.e-r2 Some commercially available avalanche photodiodes having low dark current can also be employed in the triggered avalanche mode to detect single photons,ls-lE even though they are designed to work under different conditions (i.e., in the linear amplification mode, biased below thebreakdown voltage). Although they are not expected to attain such high resolutions as SPADs, they may be taken into consideration as a possible alternative to ordinary PMTs in many instances, with the typical advantages of solid-state devices: ruggedness, small dimensions, low cost, long life, low operating voltage, and low power dissipation. Furthermore, they can provide considerably higher quantum efficiency in the red and near-infrared wavelength range. Suitable devices are available with sensitive area of several thousands of square microns, which is sufficient for most of the envisaged applications, though it is considerably smaller than that of the PMTs. We have, therefore, carried out experimental investigations on a commercial device, the RCA C30921S, specified to have a very low dark current. This article reports the first results obtained, which show that the performance of this device in single-photon timing is comparable to that of fast PMT types with discrete dynode multiplier.
I. TRIGGERED AVALANCHE MODE, PASSIVE AND ACTIVE OUENCHING
In avalanche photodiodes biased above the breakdown voltage, the electric field at the junction is high enough to sustain the flowing of an inverse avalanche current. However, the diode remains quiescent and the inverse current is practically zero until a primary carrier is injected or generated in the depletion layer and succeeds in triggering the avalanche. The current then rises to a detectable value; if the primary carrier is photogenerated, the current leading edge is synchronous with the arrival time of the photon. The avalanche current continues to flow until a circuit quenches the diode by lowering the bias voltage close to or below the breakdown voltage. After a finite dead time, the working voltage of the device is finally restored in order to make possible the detection and timing of another photon.
An elementary biasing arrangement is the so-calledpassiue quenching circuit, which is shown in Fig. l , together with the equivalent circuit of the diode.2'a's The diode is inversely biased through a ballast resistor Rz ( 100 kO or more); C, is the capacitance of the device and Co is the stray capacitance to ground of the diode terminal connected to R". The avalanche triggering corresponds to close the switch in the equivalent circuit. The avalanche current discharges the capacitances, the diode voltage drops, and the diode current correspondingly decreases; when the voltage gets close to the breakdown, the avalanche is quenched (switch open in the equivalent circuit). The diode voltage then slowly rises towards the bias voltage; since the capacitances are slowly recharged by the small current in the ballast resistor, the recovery time is a few times the time constant R. (Ca * Co). An output pulse with fast leading edge is available across a low-value resistor connected to the other end of the diode, typically 50 O. The step-like transition of the current in the 50-O resistor has an amplitude given by t I*: (Y-Yu)/lR"1t + Cd/Ck)1 .
(l)
For a device in a given circuit the capacitive partition of the current is fixed and this pulse amplitude depends on the applied overvoltage ( Y -Yu) and on the series resistance R, of the diode. The sign of the output current pulses may be changed by interchanging the diode terminal connections and by changing the bias voltage polarity. Carriers are thermally generated in the active volume of the device: When the diode is biased above the breakdown, these carriers can trigger the avalanche, thus producing a dark-count rate that strongly increases with the temperature. The rate also increases as the excess bias voltage is increased, since this increases the probability that a carrier actually succeed in triggering the avalanche.rfre Furthermore, during every avalanche pulse some carriers can be trapped in deep levels and released at a later time, with a nw FIc. 1. (a) Passive quenching arrangement and (b) equivalent circuit for triggered avalanche operation. R" ballast resistor, typically 100 kO or more; .R" output resistor, typically 50 O.
1116 Rev, Sci. Instrum., Vol. 59, No. 7, July 1988 statistical delay depending on the activation engrgy of the trap level. 2'ro'rs'2o The total charge in every avalanche pulse and correspondingly the number of trapped carriers per pulse are proportional to the overvoltage. It follows that trapping levels enhance the dark-count rate by a positive feedback effect whose intensity increases as the excess bias voltage is increased.
The slow recovery in the passive quenching arrangement represents a serious drawback in all cases where the triggering rate is not very low.a'5 A photon arriving during the first part ofa recovery will be lost, since the voltage is still too low. A photon arriving later on during a recovery can trigger the diode, but it will find the diode voltage lower than the bias supply voltage. The pulse generated will, therefore, have an amplitude lower than the standard and will cross the threshold of the timing circuit with a significantly longer delay, since the pulse rise time in the circuit is about I ns. Photons randomly arriving during recoveries from previous events will thus be timed with random additional delays; the resolution will be correspondingly degraded. Furthermore, it will be seen later that the intrinsic resolution of the device is lower at lower applied overvoltage. In conclusion, in cases where the probability of arrival during a resovery is'not hegligible, besides sufering count losses, the true time resqlution obtainable with the device is obscured. This probability becomes significant as soon as the count rate is not negligible in comparison to the reciprocal of the recovery time, which in practice means as it attains a few kpps. It is, therefore, necessary to work with very low values of the detected photon rate (including stray light) and ofthe dark-count rate. The latter can be reduced either by cooling the detector, with a corresponding complication ofthe apparatus, or by reducing the overvoltage, at the cost of lower time resolution, as will be presently shown.
The drawbacks associated to the slow recovery can be avoided and the inherent resolution of the APD can be exploited by using the actiue quenching method, devised by Cova and Longoni.a's'e'ro'13 The principle of the method is to force the quenching and resetting transitions in short times (tens of nanoseconds or less) by using a controlled low-impedance source for biasing the diode. The rise of the avalanche pulse is sensed by a fast comparator, whose output switches the bias voltage source down to the quenching level. After a well-defined dead time, having accurately controlled duration, the bias voltage is swiftly and accurately restored to the operating level. A standard pulse synchronized to the avalanche rise can be derived from the comparator output and used for the time measurement.
It is worth stressing, however, that the passive quenching circuit is still very useful, particularly in the first characteization and selection of the devices. It is attractive because it is very simple, it inherently limits the average current in the device (thus preventing excessive power dissipation), and it gives output current pulses easily observable without interference from external quenching pulses. In fact, the first characteization of the devices can be done (see Sec' III) simply by observing the current pulse waveforms and by measuring the dark-count rate of moderately cooled devices with a passive quenching arrangement. _1-^.
II. DEVICE AND ACTIVE QUENCHING CIRCUIT RCA C30921S are silicon avalanche photodiodes designed for optical communications at 830 nm with data rates up to I Gbit/s, laser ranging and other applications requiring high speed and high responsivity. They have a reachthrough structure2r: In a high-resistivityp--type silicon wafer, the high field region ofthe activejunction is defined by a deep boron diffusion, producing ap region about l5p deep, over which an n* layer (about 5 p thick) is deposited. The back ofthe wafer is etched in correspondence to the active area in order to reduce the thickness to about 35 p; the back contact is then formed by diffusing a p+ layer about 2 p, thick. At the operative voltage the p and p-region are fully depleted; the residual neutral p+ layer on the back is less than I p thick and the total depleted depth is about 30p. The light enters through the back of the mounted diode chip. In the usual linear amplification mode (at bias voltage lower than the breakdown ) , the response time is dominated by the transit time of the photogenerated carriers in the depletion layer: The narrow depletion layer thus makes it possible to specify a typical rise time of 500 ps. The tail in the pulse response, associated to carriers generated in the neutral layers and collected by diffusion, is practically negligible, due to the small thickness of thep+ neutral region and to the small fraction ofphotons reachin gthe n+ neutral layer. The useful photosensitive area has about 0.2 mm2 area. The device is specified to have a very low dark current in the multiplication region, so that even at room temperature it can be biased above the breakdown voltage to operate in the triggered avalanche mode. In model C30921S, the chip is housed in a modified TO-18 package with a light pipe conveying the light on the sensitive area; model C3O92LE is identical, except that it does not have the light pipe, but a glass window.
The specified typical breakdown voltage of the active area is 225 Y and, since the edge breakdown effects occur only at much higher voltage, the use of high overvoltages may be envisaged, up to various tens of volts. We, therefore, redesigned the previously developed active quenching circuit, in order to be able to provide quenching voltage pulses up to 40 V.e't3'22 In this condition, the recovery transition from the quenching level to the restored bias level takes 40 ns. In order to avoid the enhancement ofthe dark-count rate arising from the trapping effects, after every avalanche the circuit maintains the voltage at the quenching level for an accurately controlled dead time, which has to be set at a value longer than the lifetime of most of the traps. ro'2o Fast gating of the devicer3 was included without difficulty, thanks to the fact that in active quenching circuits the device is biased with a low-impedance network.
III. PRELIMINARY TESTS
Two RCA C3092lS samples were tested. The breakdown voltage at room temperature (25"C), measured by extrapolating to zero current the above-breakdown currentvoltage characteristics as describedby Haitz,2 was found to be257.2 V for the sample A and 245.8V for the sample B. The behavior of the two samples was similar in all tests, with somewhat better characteristics for sample A.
1117 Rev. Scl. Instrum., Vol.59, No.7, July 1988 A first series of tests was performed with a passive quenching circuit; the main aim was to obtain some data about the uniformity of the avalanche over the diode area, since from studies on SPAD devices it is known that the best results are obtained with samples having uniform breakdown characteristics over all the active area.2-5'e-r2.r4'r5 At room temperature the current pulses show a continuous distribution of amplitudes: However, since the dark-count rate already exceeds 20 kpps at only 3 V above the breakdown, the possible amplitude variations due to nonuniformity are obscured by the variations due to the high count rate effect in the passive circuit (see Sec. I). We, therefore, cooled the samples down to -40 "C; at this temperature the darkcount rate is lower than I kpps up to 20 V above the breakdown, with a correspondingly small probability that an avalanche be triggered while the diode voltage is recovering from a previous uncorrelated event. As shown in Fig. 2 , the cooled devices at 20 Y excess bias produce current pulses with a moderate amplitude spread ( the FWHM of the distribution is estimated to be about lsEo), which, however, increases as the excess bias is reduced, and with a rise time slower than that of SPAD devices. These fluctuations in the avalanche pulse amplitude for a given diode voltage denote fluctuations in the series resistance of the device [see Eq.
( I ) l. Since the structure is fully depleted, the major contribution to the series resistance is due to space-charge efects.
The space-charge resistance is known23 to be directly proportional to the square ofthe depletion layer depth and inversely proportional to the avalanching area. Since the depletion depth is practically constant, it can be concluded that at a given bias voltage the area taking part in the avalanche randomly fluctuates from pulse to pulse, thus causing the observed fluctuations in the current amplitude. Furthermore, since it is found that the minimum value of the fluctuating series resistance decreases, it can be concluded that the maximum value of this fluctuatins area increases with the Avalanche photodlodesexcess bias voltage. In fact, the smallest series resistance value varies from 2.5 to 1.0 kO when the bias voltage is increased from 1 to l0 V above breakdown. Assuminga3O-p depletion layer depth, the corresponding value of the maximum avalanching area can be approximately computed23 to vary from 0.018 to 0.045 mm2, that is, ftom9Vo to22Vo of the total sensitive area. The smallest series resistance of the samples is obtained from the slope of a plot of the amplitude of the highest avalanche current pulses versus the applied overvoltage. It is necessary to take into account the fact that the current in the external circuit (i.e., in the R, resistor, see Fig. l ) corresponds only to that part ofthe avalanche current which flows through the stray capacitance Co, while the part which discharges the intrinsic diode capacitance Co closes its loop inside the diode. In order to measure the true avalanche current and, therefore, the true diode resistance, known external capacitors were added from cathode to ground, and various measurements of the current were performed with increasing values of Co and extrapolated to zero value of the ratio Cd/Ck [see Eq. (1)]. From this set of measurements the diode capacitance Co can also be evaluated; it is found to be 1.6 pF, in agreement with the typical specified value. Another preliminary operation was to find out the least dead-time duration required for avoiding the enhancement of the dark-count rate due to carrier trapping and reemission efects (see Sec. II). The lifetime of the levels responsible for most of the trapping effect was evaluatedzo to be shorter than l ps with the device cooled to -40'C. Measurements of the dark-count rate versus the duration of the dead time were performed, verifying that most of the decrease of the rate occurred within a few microseconds. A 6-1.1s dead time was finally adopted; with such arrangement, the maximum darkcount rate observed for sample A cooled aI - 4O 'C was less than 5 kpps at 40-V excess bias voltage. The threshold ofthe fast comparator was set at very low level (less than l0 mV) in order to minimize the additional time dispersion in the threshold crossing due to the amplitude dispersion and to the finite rise time of the avalanche pulses (see Sec. I).
IV. TIME.RESOLUTION TESTS
The active quenching circuit was mainly employed, in order to investigate the true resolution of the device; for comparison, some measurements were also performed with a passive quenching circuit. A conventional time-correlated single-photon counting setup was used in the tests, as outlined in Fig. 3 . An OptoElectronics pulsed diode laser was employed, generating pulses at 785 nm with about 40-ps FWHM duration. Pulses at 30-kHz repetition rate are directed to the detector with suitable interposed attenuation, so that the detected intensity is much less than a photon per laser pulse ( actually about 0.05 ) ; the histogram of the time delays between emission of the laser pulse and detection of a photon is collected.
The best results were obtained with the maximum available excess bias voltage of40 V and with the device cooled at -40 "C, as illustrated in Fig. 4 FWHM, a well-behaved shape of the resolution curve at low levels is known to be important in numerical deconvolution analysis of fluorescent decays.r'24 In Fig. 5 , a semilogarithmic plot of the data of Fig. 4 shows that the response is remarkably well behaved: Secondary peaks and nonmonotonic irregularities, that plague the response of PMTs, are absent and only a small exponential tail is observed. This tail is fairly fast (the lifetime is about 650 ps), and its area is about 3Vo of the total area. lt is attributed to that part of the electrons photogenerated in the neutralp+ layer ofthe device that reaches the depletion layer by diffusion. In fact, its intensity and shape are in close agreement with results obtained in the analysis of time-dependent effects of carrier diffusion in neutral semiconductor layers having small thickness,ro previously carried out by means of a Monte Carlo simulation program developed by Ripamonti and Cova for studying diffusion effects in various device geometries.2s
The behavior of the time resolution of the device versus the applied excess bias voltage was studied. A plot of the FWHM values measured for sample A cooled at -40 "C is reported in Fig. 6 . At this temperature the dark-count rate is strongly reduced, so that the measurements can easily be performed also with the passive quenching circuit, by connecting the output resistor to the input of the fast discriminator with low threshold level. However, when the excess bias voltage exceeds 20 V, the dark-count rate is no more negligible and the FWHM values obtained with the passive circuit are correspondingly higher. In fact, without the protective dead time the trapping is much more effective in producing afterpulses and, because of the low discriminator threshold, even small afterpulses are sensed; the recorded dark-count rate thus rises up to 20 kpps at 40-V overvoltage. The true FWHM values, measured with the active quenching circuit, are anyhow higher than the carrier transit time in the depletion layer; the resolution is, therefore, dominated by the avalanche buildup statistics. It is worth noting that the dependence of the time resolution on the applied overvoltage is similar to that found for SPAD devices.rGr2
It is interesting to ascertain the performance of the device with moderate cooling, that is, at temperatures fairly easily attainable in experimental setups by using thermoelectric Peltier coolers. Measurements were, therefore, carried out at 0'C. The dark-count rate observed with the active quenching circuit was lower than 120 kpps up to 20-V overvoltage, rising to about 240 kpps at 40-V overvoltage (values corrected for the count losses due to the 6-ps dead time). The time resolution is only slightly worse than that at -40'C, and its behavior as a function of the overvoltage is similar, as reported in Fig. 7 . Due to the higher dark-count rate, already at 10-V overvoltage the FWHM values measured with the passive quenching are worse than those measured with the active quenching. Experiments were performed also at room temperature. The dark-count rate is very high; it steeply rises with the applied overvoltage, exceeding 20 kpps at 3 V and 230 kpps at2OY.In single-photon timing, the use of a passive quenching circuit is, therefore, out of the question, and even with the active quenching circuit in the normal, nongated operation, the device performance is impaired. The raising of the excess bias voltage increases the probability that a photon arrive during a dead time caused by a previous dark count, and be lost. Moreover, it increases the probability that a photon arrive just at the end of a dead time (that is, during the 40-ns recovery ofthe voltage) and, therefore, that it be detected with a significant random delay. In fact, working at room temperature with the active quenching circuit in normal, nongated operation, the best resolution obtained was l.l ns at l5-V overvoltage; at higher overvoltage values the resolution rapidly degraded.
In order to observe the true performance at room temperature, fast gating of the detectort3 was introduced. The device bias voltage was normally held at the quenching level, below the breakdown voltage; the electrical trigger output from the laser diode pulser was employed to generate a gateon pulse, that raised the detector bias voltage to the normal operation level just before the arrival of the optical pulse. The bias voltage rose in about 40 ns; therefore, in order to have it completely settled at the arrival of the photon, a delay of about 100 ns was interposed between the leading edge of the gate pulse and the optical pulse. The dark counts which interfere with the detection of a photon are thus limited to those occurring in this 100-ns interval. Therefore, in comparison to the normal, nongated operation, this gating arrangement not only reduces the probability of photon losses, but also completely eliminates the possibility of detecting a photon during a voltage recovery and the associated timing errors. The true performance of the device at room temperature is thus found to be not much inferior to that at low temperature; as reported in Fig. 8 , a FWHM of 460 ps is obtained with sample A at 40-V overvoltage.
It can be concluded that the RCA C30921S and C3092lE avalanche photodiodes can be practically employed in time-correlated single-photon counting experiments for measuring fast ffuorescent decays with lit-etimes shorter than I ns. In comparison to the PMTs currently;em- ployed in such measurements, the time-resolution curve has a better behaved shape, free from small secondary peaks. The FWHM of the curve improves as the excess bias voltage above the breakdown level is increased; at overvoltage higher than 20Y it attains values comparable to those of current fast PMT types with discrete dynode multiplier. In order to fully exploit the device performance, an active quenching circuit has to be employed. The dark-count rate can be reduced by cooling the device: moderately low temperatures, practically attainable with thermoelectric Peltier devices, are sufficient to the purpose. Some improvement in the time resolution is also obtained by cooling. High-resolution single-photon timing is possible also at room temperature, provided the device is operated under the control ofa fast gate.
V. TIME RESOLUTION AND STATISTICAL BEHAVIOR OF THE AVALANCHE As just described, the tests were performed with leading-edge timing, that is, by using a fast trigger circuit with constant threshold level; the contribution to the time dispersion arising from the amplitude spread of the pulses was minimized by using a very low threshold level, less than l0 mV. In principle, a better solution to this problem is available: constant-fraction timing,26 which makes the triggering time independent of the pulse amplitude. Various models of constant-fraction discriminator ( CFD) with excellent characteristics are nowadays commercially available, and they are widely adopted in experiments with PMTs. Experiments were, therefore, performed with such a discriminator (OR-TEC 584) connected to the output of the APD cooled to -40'C in a passive quenching arrangement with 20-V overvoltage. As shown in Fig. l , the pulses on the 50-O resistor have about 500-mV amplitude, so that they can be directly processed by the CFD circuit. By selecting the length of the external delay cable, the triggering fraction was first adjusted to be about 0.2, a value currently used in measurements on PMT pulses. Repeated measurements consistently showed that the time resolution in this arrangement is worse than that obtained with the leading-edge timing at low threshold level. The triggering fraction was then reduced to about 0.05 by changing the delay cable; the resolution was found tobe improved, but still inferior to that obtained in the 1120 Rev. Sci, Instrum., vol. 59, No. 7, July-1988 low-level leading-edge timing. These results suggest that fluctuations continuously increase along the rise of the avalanche current, up to macroscopic current levels. The assumption is consistent with the fact that the avalanche current pulses observed on the oscilloscope appear to not only have a fluctuating peak amplitude, but also have a rather noisy waveform. By measuring with constant fraction triggering the resolution as a function ofthe triggering fraction, quantitative information could be obtained, interesting not only from the standpoint of applications, but also for the physical interpretation of the device behavior. However, accurate evaluations of the triggering fraction are quite difficult in practice; furthermore, at low values of the fraction the behavior of the actual circuits significantly deviates from that of an ideal CFD. On the other hand, substantially equivalent information can be obtained by using a different approach. In the leading-edge timing arrangement, the time resolution is first accurately measured as a function of the threshold level. The spread in the pulse peak amplitude is then measured and, taking into account the slope ofthe average waveform, the corresponding contribution to the time dispersion is computed as a function of the threshold level. The values thus obtained are quadratically subtracted from the experimental data. As illustrated in Fig. 9 , the results demonstrate that, in fact, the time dispersion increases along the leading edge, even leaving apart the contribution due to the variations in the pulse amplitude. This means that even with an ideal CFD it would be necessary to work with very low triggering fraction in order to obtain the best performance; furthermore, this performance would not be significantly better than that obtained with a low threshold leading-edge timing.
The observed behavior of these APD devices may be related to statistical effects in the propagation of the avalanche from the first triggering location to other sites. Such a mechanism would be consistent with the random variations ofthe area actually interested by the avalanche current, as discussed in Sec. III. Fluctuations may be associated to the random localization of the primary carrier in a large active area with significant variations of the breakdown voltage Avalanche photodlodes from point to point. A statistical mechanism has been proposed by Mclntyre,2T relying on the possibility that an avalanche triggered in a given site could be locally quenched by a space-charge effect after having been able to trigger the avalanche in other sites, possibly via emission and reabsorption of photons. The fact that the situation is quite different with SPAD devices may support such physical interpretations, since the different behavior may be related to the different structure. The SPAD devices indeed produce avalanche pulses with standard amplitude and shape, and accordingly have a time resolution not dependent on the threshold level in leading-edge timing. However, the SPAD devices studied have a much smaller active area (diameters of a few tens of microns ), a much smaller depth of the depletion layer, about one micron or less, and exhibit uniform breakdown over all the active area. The high time resolution of the SPAD devices is probably limited only by the statistics of an avalanche buildup in almost ideal conditions, unperturbed by effects of nonuniformity, propagation, and local self-quenching due to space charge, which in the wider and deeper depletion layer of the APD devices may dominate the statistics of the avalanche rise.
